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Introduction

 Probe massive gravity theories
by gravitational wave observations

» We assume EoM of GW is modified by
time-dependent graviton mass:

i + 3H Ay + (QZQ)Q [+ Méw(t)D e =10

=» Argue how to detect M, (t)
from observational signals
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Introduction

» Massive gravity as IR modified gravity
= Self-accelerating universe without dark energy
= Various modifications to gravitation

- Stochastic gravitational wave background
= Gravitational wave generated in inflationary era
= Target for upcoming GW observations
> A probe for massive gravity theories
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Massive gravity theories

- Fierz-Pauli massive gravity (1939)

M2 PN )
S = % /d4$ R — Zm? (h‘u,yh‘u — h2)

= Works well at linear order
= Suffers from Ghost instability at non-linear order
- Many improved theories have been proposed
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Massive gravity theories

- Massless gravity (GR): 2 tensor modes

- Massive gravity: 1 scalar + 2 vector + 2 tensor modes

» Modifications by scalar modes
- Probed by solar system tests etc.

= Modifications to tensor modes
- Affects gravitational wave propagation

=>» Gravitational wave observations will be relevant if
v" Scalar and vector modes behaves exactly same as GR
v Tensor modes are modified by the graviton mass
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Massive gravity theories

®Examples:

- Non-linear extension of Fierz-Pauli massive gravity
(de Rham, Gabadadze & Tolley 2011)

m?] ([:2 + a3 Ls + 054[:4)

(K] = BIK][L"] + 2[K7)) |

|

([K]" = 6P [K7] + B[] + 8[K][K?] — 6[KT]) ,
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Massive gravity theories

®Examples:

- Non-linear extension of Fierz-Pauli massive gravity
(de Rham, Gabadadze & Tolley 2011)

R
S = M]%l /d‘lx\/g [5 + m?] (Lo + a3l 4+ agLly)

s No BD ghost even at non-linear level (Hassan & Rosen 2011)

o Effective A appears from mass terms
. - Self-accelerating FRW universe

= Cosmological perturbations
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Massive gravity theories

®Examples:

- Non-linear extension of Fierz-Pauli massive gravity
(de Rham, Gabadadze & Tolley 2011)

»Cosmological perturbations (Gimriikeiioglu, Lin & Mukohyama 2011)

= Scalar & vector perturbations:
May behave exactly same as GR

= Tensor perturbations:
EoM in GR + Time-dependent mass term

. : k2
Vi + 3H Y. + (a(t)2 _l_) Vi =0
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Massive gravity theories

®Examples:

- Lorentz-violating massive gravity theories
(Dubovsky 2004 etc)

S = /d$4\/ —yq [LGR + Lmass]

1
Linass ™ {mohgt +2mihy; — mah; +mahi — 2mihgh b

. 1
with m; =0, mi=-3ym3i, ~ (m% — 3m§) = m3 — §m%

»Cosmological perturbations
o Scalar perturbations: Rather Mild modification

= Vector perturbations: Behaves exactly same as GR

= Tensor perturbations: EoM in GR + Mass term
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Massive gravity theories

®Examples:

Caveats:

» Instability of FRW solutions

[De Felice+, ...

 Superluminarity
[Deser & Waldron, ...

e Other constraints

| Burrage+, ...
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Massive gravity theories

® General model for which GW observation is relevant:
v'Scalar and vector modes behaves exactly same as GR
v'Tensor modes obey a ghost-free general action

M, 3 3\/_-1 S i (N a -
| = dtdx’> Na’ V) ﬁ’)’ Yij + Y ch(f)aﬁ Vij

8

cA(t) .. y
Nﬂ g + ‘“;2 VD = 2K) vij — Méw ()77 i

M2
~ % / dtdz> Na*vQ

> A+ (cg(t) (K 1 2K) — % ) o

v’ Probe M_,,(t) by observations of
stochastic gravitational wave
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Evolution of gravitational wave
* Pure GR

G () )0

aH

QD v
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Evolution of gravitational wave
* Pure GR

G () )0
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Evolution of gravitational wave
* Pure GR

G () )0

= WKB solution

e = A(k)% exp (z / gdt)

A(k) = —— 57 : Primordial amplitude
J[P[]\ /
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Evolution of gravitational wave

e Pure GR + Graviton mass term

Y ++ ( Vi =0
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Evolution of gravitational wave
- Early time:

= )Y\ = constant
A
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Evolution of gravitational wave
- Late time:

= yoscillates with w( \/_ + M2 (1)
A

aMg\y

aH

D v



» Pure GR + Mass term:
= Large k : Same as pure GR




e Pure GR + Mass term:

= Medium k : Suppression of y near today




1111111111

Evolution of gravitational wave

o« Pure GR + Mass term:

i + 3HA + {(af;)? ‘|‘}7k =

= WKB solution

e = %pr ( / t)
[GR; Tk = A(k)m eXp( / i(ﬁn
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Evolution of gravitational wave

e Pure GR + Mass term:

= Medium k : Suppression of y near today

A GR Suppression
N\ oaMgy,




e Pure GR + Mass term:

= Small k : Dominated by Mg, (t)

A

kcrit




« Pure GR + Mass term: = w? ()

.2
1

Vi + 3H Yk + K”mg ™ Méw(ﬂ)}’?k =0

= WKB solution

Vi = A(k)\/a(%%t:k(t) exp (i/w(t)dt)
B agMGW (tc)
= hilto)] = A<k>\/ e

A(k) = - =77 . Primordial amplitude
J[P[]\ /
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Observed spectrum

- We've discussed power spectrum w.r.t. k:

2k3 5
= — | (to)]
t=t us

d Z"
P(k) = m(%ﬂ )

- Observatories measures power spectrum w.r.t. (0):

d
Plwo) = T (vig ™)

. ]iz c w2
2 ) 0
[ Poag | 0)} wg — My (to)
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Observed spectrum
* (P(w) iIn MG) / (P(w) in GR) for the same

i : / oc (g~ MGW(tO))-l
LN 00~ Mo ™2
N
! | i N
O MGWO \/EMGWO @
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Observed spectrum
* (P(w) iIn MG) / (P(w) in GR) for the same
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Observed spectrum

» Peak in P(w) is sensitive to P, (K) :

¢ % Pprim(k) for o — Mgy & k— 0

dln k
P(wn) = E’ wo}xk *Porin ()] i)

dlnw

2

_, A dInk apwo \ 2
wy = —5 + My (to) = = ( )

ai d In wy k

> It Pyim(K) is flat for k — 0, P(w) diverges at o = Mgy(to)




H

Seminar @ Berkeley Lab

Observed spectrum

» Peak in P(w) is sensitive to P, (K) :

¢ % Pprim(k) for o — Mgy & k— 0

dln k
P(wo) = E’ (wo ]oc k™ Pprim (k) ‘k k(o)

dlnw

2

_, A dInk apwo \ 2
B = T MEy(te) = - (=2)

> It Pyim(k) has a cutoff near k =0,
Peak height ~ lim A™*Ppim(k) < 400

k—Ecutoft

A ™
eX') * I\Ie-foldz65 2 kcutoff :lHO

+ Mgwl(to) =108 Hz = 10° H,

2> (P(w) in MG) / (P(w) in GR) ~10%° at the peak/

\



Observed spectrum

» Peak in P(w) is sensitive to P, (K) :

< Pprim(K) for © — Mgy, & k— 0

dln k _
P(wo) — dlnwo%(lﬂ((ﬂo)ﬂ x k 2Pprim(k)‘k:k(wo)
e k2 . dlnk  rapwo\?
“0 E * j\[(;”?(fo) - (] 11'1 wo N ( A )
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. T
* Peak height - klf?rok Porim (k)

« Peak location > Mg, (t,)
* Peak shape 2> Mgy, (t.i)

—~ small k cutoft of P, (K)

~

/




Observed spectrum

- Sensitivity range:

> LISA: 10™%~1 Hz
- DECIGO: 1071~1 Hz
- SKA, PPTA: 108~ Hz

o Current bound:

= Mgw(t,) < 107 Hz from binary pulsar timing
| Finn & Sutton 2002]

=» GW signal will be observable if
108 Hz < Mgy/(t,) < 107 Hz



Observed spectrum

- Amplification from GR:

—1
PMC(wo) _aZk. (w _1)

GR ™~ 2 2
PSR (wo) akGOR ko \ Méw.o

e Moy (ty) =108 Hz = 10° H, ~1023
* kcutoff =1 I_IO

*Mow(to) =10* Hz =108 H, | _1 35
’ kcutoff =1 I_IO
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Summary

- Probe time-dependent mass of general massive gravity
theories by gravitational wave observations

- GW direct observations: [. peak height - /i, # *Porim(k)
= Sharp peak in P(w) > small k cutoff of P, ()

Mo (D) att=t &t « Peak location > Mgy, (t,)
GW( ) 0 crit L« Peakshape > Mgy (ti)

« Other probes for Mg, (t) ?
s GW - CMB polarizations
- Suppression at lower multipoles: [pubovsky et al. 2000]

{ <1073 x Maw (trec)/Ho

- Mgy/(t) at recombination

5 Qonwh? ¢ @® P(w) ~ Mgy (t)? P(w) = BBN constraint?



